INTRODUCTION 49
Conservation conflict -conflict between stakeholders representing biodiversity conservation and 50 those representing other interests (e.g., food production) -is widespread globally (Redpath et al. 51 2013 (Redpath et al. 51 , 2015 . Such conflict can be highly damaging to both biodiversity and livelihoods, so represents 52 a key challenge for society (Sillero-Zubiri, Sukumar & Treves 2007). Human-wildlife conflict 53 researchers have often focused on quantifying the negative impacts of wildlife on humans and vice-54 versa (Woodroffe, Thirgood & Rabinowitz 2005) . In contrast, research into the processes leading to 55 the emergence of serious impacts and, in turn, conflict between stakeholders, is currently scarce 56 (Young et al. 2010) . Such research could provide new insight into why conflict emerges and how it 57 can be managed. 58
While conflict is clearly a social phenomenon, it emerges from environments comprising both 59 socio-economic and natural elements, and can be triggered by change in any of these, such as wildlife 60 population growth or decreases in the market values of crops, if they result in impacts perceived to be 61 unacceptable by one or more parties (Young et al. 2010 ). In particular, ecological elements (e.g., 62
species, ecosystems) are central to conflicts, but such ecological temporal dynamics tend to be studied 63 in isolation rather than in interaction with human activities (Redpath & Sutherland 2015) . 64
Encouragingly, conflict studies are starting to combine ecological and human dynamics over short 65 time-scales (e.g., Simonsen et al. 2016 ). Historic applied ecological data represents a potentially 66 valuable resource for studying how environmental change has contributed to the development of 67 conservation conflicts, by revealing how historic management and natural resource use by humans 68 have shaped the ecological context of conflict (Lambert 2015) . 69 different farms, (hereafter, 'farm-scale analysis'), testing three hypotheses. We tested whether geese 124 occurred more frequently and in greater numbers: 125 5. When the population was larger 126 6. On farms with more improved grassland 127 7. On farms closer to roosting sites 128
129

MATERIALS AND METHODS 130
Study area 131
Islay is an island of 62,000ha situated in the Inner Hebrides of western Scotland ( at a number of key wintering sites, including Islay. We used data from island-wide ground surveys of 150
Islay's overwintering barnacle geese, carried out by SNH multiple times each year, generally in 151
November, December, January and March (n=101). These provided estimates of total goose numbers 152 on Islay for the period 1987-2016 and farm-specific goose numbers for the period 1998-2016. Surveys 153 were conducted twice over consecutive days and averaged to produce a reliable estimate of total 154 barnacle goose abundance. They were carried out simultaneously by five pairs of trained surveyors in 155 vehicles around five pre-defined routes of sub-areas of Islay, with care taken to avoid double counting 156 within and among sub-areas by monitoring the movements of flocks during surveys. Geese were 157 counted from vehicles using binoculars and spotting scopes, at distances of 20m-2km. The farms 158 occupied by geese were recorded according to a system of unique field codes, using maps of the study 159 area. 160
Population-scale analysis 161
To test hypotheses 1-4, we acquired land-use and climate data for the period (Fig. 2b) . We fitted models with 'AR-1' 195 autocorrelation structures to account for temporal autocorrelation in model residuals. We considered 196 models of increasing complexity, fitting models containing all possible combinations of predictors for 197
Islay land-use, Islay climate and Greenland climate (Table 1) for a given number of predictors, until 198 the addition of an extra predictor did not produce a parsimonious model according to Akaike'smodels to have some support (Richards 2015) , and considered predictors occurring in all these 'top 201 models' to have strong support. We visualised relationships between goose abundance and these 202 predictors using partial-effect plots, which display response-predictor relationships while accounting 203 statistically for the effects of other predictors in a model. This is done by plotting r(x|other predictors) 204 against r(y|other predictors), where r(x|others) are residuals of a model regressing predictor x against 205 all other predictors (but not response y) and r(y|others) are residuals of a model regressing y against 206 all predictors except for x. 207
Farm-scale analysis 208
To test hypotheses 5-7, we fitted models exploring the influences of Islay goose abundance, farm-209 specific improved grassland area and farm-specific distance to nearest roost on barnacle goose 210 numbers on farms. To test the effect of abundance, we used the total abundance estimates 211 corresponding to farm-scale goose numbers. We calculated distance to roost as the Euclidean distance 212 between a farm's centroid and the nearest barnacle goose roost. There are three main night-time 213 roosting sites on Islay, composed predominantly of saltmarsh and inter-tidal mudflats, used by the 214 majority of barnacle geese (see Fig. 1b ). We calculated mean area of improved grassland (grassland 215 reseeded within the past seven years) on farms using data provided by the Islay goose management 216 scheme. See Table 1 for a summary of these predictors. 217
We used a hurdle modelling procedure, first fitting models exploring drivers of probability of 218 goose occurrence during a survey on farms, using presence-absence data (hereafter, 'occurrence 219 models'), and second fitting models exploring the drivers of their numbers when they were present, 220 using presence-only count data (hereafter, 'count models'). This procedure allowed us to investigate 221 the processes generating goose occurrence and numbers separately. We fitted models using linear 222 mixed-effects regressions, including random intercepts for survey year and farm ID (n=103) using the 223 'glmer' function in R (Bates et al. 2015) . We fitted models with maximum likelihood, using binomial 224
and Poisson error structures for occurrence and count models, respectively. We tested for spatial 225 autocorrelation per survey in the responses and residuals by calculating Moran's I statistic, todetermine the ability of models to explain any spatial autocorrelation in the responses. There were low 227 levels of autocorrelation in the data, with significant spatial autocorrelation in farm-specific 228 occurrences and counts, respectively, on only 18% (21/120) and 5% (6/120) of surveys. There were 229 similarly low levels of autocorrelation in the residuals of the best occurrence (16%) and count models 230 (4%). 231
To test hypothesis 5, we first fitted models with total barnacle goose abundance as a fixed 232 effect. We included farm ID random coefficients for the effect of abundance, to account for variation 233 in this effect among farms. We included linear and quadratic effects of day of season to account for 234 seasonal changes in goose spatial aggregation potentially resulting from depletion in grass 235 availability. We fitted models with the scaled predictors together, separately and both absent, 236 identifying the best model using AIC. Next, to test hypotheses 6 and 7, we extracted the farm-specific 237 intercepts/coefficients (i.e., β Population + γ Farm ) from the best models, and fitted post-hoc models 238 exploring the effects of improved grassland area and distance to roost on variation among farms in i) 239 goose occurrence/number (farm-specific intercepts) and ii) the effect of Islay abundance on 240 occurrence/number (farm-specific coeffcients). We used non-linear regression, implemented with the 241 for each scaled predictor. As before, we selected the best models using AIC. 243
For all models, we assessed model fit using R 2 (Nakagawa & Schielzeth 2013) and 244 collinearity using variance inflation factors, accepting those <3 (Zuur, Ieno & Elphick 2010) . 245
246
RESULTS 247
Population-scale analysis 248
The best model of barnacle goose abundance (R 2 =0.86) showed that population increases were linked 249 primarily to changes in land-use on Islay, but were also associated with climate variation on Islay and 250 Greenland (Fig. 3-4) . All top models contained predictors of Islay land-use, Islay climate and 251 top models and its partial effect (R 2 =0.67) was more than four times stronger than any other. This 254 supports hypothesis 1, suggesting that the area of improved grassland on Islay -which increased by 255 45% between 1987 and 2004 (Fig. 2b) -has boosted goose numbers by roughly 6,000 per 1,000ha 256 increase in grassland. In contrast, there was no evidence for hypothesis 2 -a negative effect of sheep 257 numbers -despite a 40% decrease in sheep numbers on Islay from 78,500 to 47,000 between 1998 258 and 2011 (Fig. 2c) . 259
We found strong evidence for a positive effect of Islay temperature on abundance, operating 260 at both one and two year time-lags, thus supporting hypothesis 3 (Fig. 3 & 4b) . Both time-lags were 261 present in all top models (Fig. 3) , with a 1ºC increase at a one year time-lag boosting goose numbers 262 by roughly 3,000. We also detected weaker, negative effects of Islay precipitation at one and two year 263 time-lags, with goose numbers decreasing by 700 (t 1 ) and 900 (t 2 ) per 100mm increase in 264 precipitation. Both time-lags featured in the best model, but not all top models ( Fig. 3 ; Table S1 ). 265
Islay's October-March temperature and precipitation exhibited increasing, though non-significant, 266 trends during the study period (see Fig. S2 ). Spring and late summer climatic conditions at breeding 267 grounds were also associated with goose abundance, providing some support for hypothesis 4, 268 although effect sizes were generally weaker than for Islay climate (Fig. 3 & 4c) . There was evidence 269 for a moderate positive effect of August temperature (2,300 more geese per 1ºC increase) and a 270 weaker negative effect of August precipitation (1,100 fewer geese per 10mm increase) during the 271 breeding season directly preceding goose surveys; these effects are present in all top models. A weak 272 negative effect of precipitation at a two year time-lag was also present in all top models. These effects 273 indicate that warmer and drier periods preceding migration from breeding grounds influenced 274 recruitment positively. August breeding ground temperatures have become significantly warmer, from 275 an average of 2.2ºC in 1985 to 3.6ºC in 2015, but there has been no significant change in precipitation 276 (see Fig. S2 ). There was some evidence of positive effects of spring breeding ground precipitation and 277 temperature on goose abundance ( Fig. 3 ; Table S1 ), in particular suggesting delayed positive effects 278 of wet springs on recruitment. However these effects were not present in all top models ( Fig. 3 ; Table  279 S1). 280
Farm-scale analysis 281
The best models describing the number and occurrence probability of geese at a farm level contained 282 positive effects of goose abundance, thus supporting hypothesis 5 ( Fig. 5 ; Table S2 ). Our models 283 estimated that, for a 10% growth in the population, probability of occurrence and abundance on an 284 average farm increased by 5% and 9%, respectively. The best models also contained quadratic effects 285 of day (Table S2 ). The probability of goose occurrence on farms increased from the start of the 286 season, peaking in February-March before declining later in the season (see Fig. S3 ). In contrast, the 287 number of geese recorded per farm showed a slight decline during the season, suggesting that geese 288 spread out over more farms. 289
Variation in farm-specific intercepts from both occurrence and count models was linked 290 primarily to the area of improved grassland on farms, thus supporting hypothesis 6. Geese were more 291 likely to occur and to do so in greater numbers on farms with more improved grassland ( Fig. 6a & c; 292 Table 2a ). For example, geese were present on farms with 10ha and 100ha of improved grassland, 293 respectively, during 7% and 79% of surveys, at average abundances of 160 and 1,400. There was also 294 evidence for negative effects of distance to roost in both models, indicating that geese were more 295 likely to occur and to do so in greater numbers on farms nearer roosts, thus supporting hypothesis 7 296 ( Fig. 6b & d ; Table 2a ). For example, geese were present on farms 1km and 8km from roosts, 297 respectively, during 43% and 23% of surveys, at average abundances of 580 and 190. 298 While the effect of Islay goose abundance on farm-scale goose occurrence and number was 299 positive on average, it varied in strength and direction among different farms when random effects are 300 considered (Fig. 7) . In the best occurrence model, 2 out of the 104 farms had negative abundance 301 coefficients -indicating decreasing occurrence probability as total abundance has increased -whilst 302 for the remaining 98%, positive coefficients varied considerably, between 0.12 and 2.47 (mean, 1.16). 303
Even greater variation was present in the count model, where 21% of farms have negative abundance 304 coefficients and the remaining 79% vary by several orders of magnitude, between 0.09 and 11.65 305 (mean, 2.00). We were able to identify the drivers of farm-specific variation for occurrence models, 306
but not count models. We detected a negative effect of improved grassland area and a positiveThis study illustrates how environmental change can shape the ecological dynamics underlying the 313 emergence of conservation conflict. The growth of Islay's barnacle goose population was strongly 314 linked to changing farming practice, specifically improvements to grassland, and was also associated 315 with climate warming. As goose abundance increased, farmers experienced geese on their farms with 316 greater frequency and in larger numbers, and geese spread to previously less favoured farms. By 317 revealing the drivers of goose numbers experienced by farmers, our analysis explained how spatial 318 patterns of human-wildlife impacts can evolve. 319
Drivers of goose population dynamics 320
Increases in the number of barnacle geese on Islay were associated with environmental conditions at 321 different stages of this species' annual cycle. We identified lagged effects of land-cover and climate 322 
Drivers of farm-scale goose dynamics 362
As the population has grown, goose numbers on farms have increased and their distribution has 363 spread over a wider area. These relationships provide a link between the drivers of goose population 364 dynamics and their spatial dynamics at a scale experienced by stakeholders. The creation of high-365 quality grassland was the principal driver of goose population growth and was thus likely to be 366 responsible for the problem of serious grass damage by geese (relationships between local goose 367 abundance and damage are probably simple; Fox et al. 2016) . 368
The farm-specific intercept models also reveal that farms with more improved grassland were 369 more likely to support large numbers of geese, supporting the population-scale results. Our analysis also shows how the Islay case-study has evolved over time; the effects of 382 abundance on farm-scale goose occurrence and number were highly variable. Interestingly, farms 383 with less improved grassland and further from roosts -which were less likely to support geese on 384 average -became more likely to harbour geese as the population increased. This could be because 385 forage is becoming more depleted on preferred farms, forcing geese to forage more frequently on 386 farms further from roosts and those with less improved grassland. As a result, a wider range of farms 387 may have experienced goose damage as the population has grown. conflict between stakeholder groups. An alternative strategy could be coordinated reductions in 411 grassland productivity, through decreased reseeding frequencies and fertiliser application, in order to 412 reduce the carrying capacity of the island. The effectiveness of these strategies could depend on 413 climate, for example if reductions in goose numbers from culling were offset by increases in 414 recruitment due to milder breeding conditions. Using MSE it would be possible to take into account 415 the influence of climate change on the effectiveness of these competing management strategies. 416
The gathering of ecological and social evidence is recognised as an important step along the 417 roadmap to conflict management (Redpath et al. 2013 estimates from the best occurrence and count models. Lines are produced by incorporating the 606 relationships between farm-specific intercepts and grassland/distance to roost (see Table 2a ) into the 607 fitted estimates. Models were fitted with Islay goose abundance and day set to intermediate levels 608
(4,000; 5 th December). 609 Fitted lines are produced by incorporating the relationships between farm-specific intercepts/slopes 614 and grassland/distance to roost (see Table 2 ) into the fitted estimates of the best occurrence model. 615
Models were fitted with day set to an intermediate level (5 th December). 616 617 
